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Supplementary Text

Supplementary Text 1: An Over-View of the Neo-Assyrian Empire
The Neo-Assyrian Empire is the name given to the imperial phase of Assyrian kingdom attested between the 9 th -7 th centuries BCE (1-5). The empire emerged from the remnants of the Middle Assyrian Kingdom, which had declined in the 12 th and 11 th centuries BCE-linked to a period of severe regional drought (61-63) and consequent invasions of Aramaean tribes (5) . The decline of the Middle Assyrian Kingdom caused abandonment of the region's urban centers; as inferred from the royal propaganda of Assur-dan II (934-912 BCE), who boasts of having "brought back the exhausted [people] of Assyria [who] had abandoned [their cities (and) houses in the face of] want, hunger, (and) famine (and) [had gone up to] other lands" (63). The revitalized Assyrian state regained lost territory in the 10 th century BCE, and by the mid-9 th century BCE had managed to restore its Middle Assyrian period borders. This is the point from which the Assyrian polity is designated the "Neo-Assyrian Empire" (3), which over the next two centuries would subsequently establish itself as the "superpower" of the Near East. Imperial expansion was particularly rapid during the reigns of Shalmaneser III (858-824 BCE) and Tiglath-pileser III (744-727 BCE) (Fig. 3) ; in between, the empire also experienced several decades marked by minimal expansion and decentralization (1-5). By the reign of Sargon II (721-705 BCE), the Neo-Assyrian Empire had become the dominant power in West Asia and the Eastern Mediterranean, with its territories stretching from Central Anatolia in the north to the borders of Egypt in the west and eastward to the Persian Gulf and western Iran.
A turning point in Neo-Assyrian history occurred in 705 BCE, when the Assyrians suffered a stunning military defeat at the hands of a small kingdom in Central Anatolia and Sargon II was killed. Sargon II's son Sennacherib, upon taking the throne in 704, moved the Assyrian capital from the city his father had built in 706, Dur-Sharrukin (modern day Khorsabad), to the nearby, historic capital city of Nineveh (the ruins of which lie across the Tigris River from Mosul today) (fig. S1). Sennacherib rebuilt and expanded Nineveh to 750 hectares, including his "Palace Without A Rival," the largest and most populous city at that time. Between 702 and 688 BCE, Sennacherib's engineers constructed an extensive hydraulic infrastructure, with a system of canals and aqueducts that extended over 100 km from Nineveh to intensify irrigation-based agro-production alongside the re-settlement of a half-million imperial deportees (9.12). Sennacherib also initiated a number of military campaigns to maintain Assyria's imperial power, territorial boundaries, flow of deportees, and taxation (1-4), alongside a prolonged effort to reconquer Babylonia (689 BCE). Imperial control over Babylon proved intractable, and Sennacherib's ultimate plunder and razing of the city that sowed seeds of resentment and eventual revenge among the Babylonians.
Sennacherib was assassinated in 681 BCE. One of his many sons, Esarhaddon (c. 681-669 BCE), ascended the throne after prevailing over his brothers in a civil war, and at the end of his reign expanded Assyria's frontiers to their ultimate limit with the conquest of Egypt (64). After Esarhaddon's death in 669 BCE, his son Assurbanipal reigned over an empire again torn apart by civil war with his brother Shamash-shumu-ukin. By the time Assurbanipal subdued the rebellions in 648 BCE, the empire was severely weakened and had begun its decline. As early as the 640s tributary states began to break away from Assyrian control (14) and, save for one punitive campaign against Elam in 647 BCE, Assyria never again went on the politico-military offensive. Following Assurbanipal's death (sometime between 633 and 627 BCE), political instability became a recurring problem, evidenced by a series of short reigns often punctuated with successional civil wars (13). The chaos in Assyria provided the opportunity in 626 BC for Nabopolassar, a Babylonian general and former Assyrian subject, to declare himself king of an independent Babylonia and undertake unification of the cities of southern Mesopotamia. In 614 BCE, Nabopolassar's state, today called the Neo-Babylonian Empire, forged an alliance against the Assyrians with the Medes, a powerful state in the Zagros Mountains of central western Iran; together they moved to conquer Assyria itself. Nineveh fell in a massive and furious battle in July/August 612 BCE (1-5). Three years later, with the decisive defeat of Assur-uballit II, the final Neo-Assyrian ruler sheltered in Harran, a city in modern southern Turkey, the Neo-Assyrian Empire collapsed. What became of the Assyrian heartland following the collapse is poorly documented, but certain in many regards. In contrast to its heavily populated, highly urban character under Neo-Assyrian imperial rule, during the succeeding Neo-Babylonian (i.e., southern Mesopotamian) control, only limited traces of settlement, often labelled "squatters," have been identified in the region. The survivors of the Neo-Assyrian collapse may have relocated by choice or forced deportation to Babylonia (42, 43) . The limited archaeological evidence indicates that most of the Assyrian heartland was abandoned at the political collapse of the Neo-Assyrian empire.
Supplementary Text 2: An Overview of the Neo-Assyrian Hydraulic Systems
As the Neo-Assyrian Empire expanded and its urban centers grew more populous, the importance of stable supplies of food and water for its urban populations and for the Assyrian horse cavalry also increased. But control over water was not simply a matter of subsistence; the ability to demonstrate control over the flow of water was also politically important, as is attested by the emphasis that various Assyrian kings placed upon the construction of these systems in their royal propaganda. Consequently, the Neo-Assyrians constructed hydraulic infrastructure throughout the empire (9, 12, 67) , with the greatest concentration of canals and reservoirs built to service important Assyrian cities or forts and, especially, the imperial Assyrian capitals. The first major phase of Neo-Assyrian hydraulic infrastructure construction was triggered by the decision of Assurnasirpal II (883-859 BCE) to move the seat of government from the traditional Assyrian capital of Assur to the city of Kalhu in c. 879 BCE. A series of canals and tunnels were built in the Kalhu system during Assurnasirpal II's reign and probably continually maintained and expanded. Indeed, the latest known work done on the system dates to the reign of Esarhaddon (680-669 BCE), some three decades after Kalhu had ceased to be the seat of the imperial government. The hydraulic infrastructure built to service Kalhu largely consisted of canals, weirs, and tunnels designed to divert water from the Greater Zab and its tributary, the Khazir, towards Kalhu and its surrounding agricultural catchment area. It has been hypothesized that this system probably had (at least) two primary functions: (1) to provide irrigation for some portion of the agricultural area surrounding Kalhu; and (2) to serve as canal-based transportation towards the city.
The city of Nineveh, astride the Tigris River and situated in the heart of the high cereal production Assyrian Plains, was four millennia old when it was chosen by Sennacherib in 704 BCE to be the new Neo-Assyrian imperial capital. During those millennia, the city had exclusively relied upon Mediterranean westerlies winter precipitation for dry-farming agriculture. Animal traction transport of dry-farming cereal harvests, however, constrained north Mesopotamian urban size to ca. 100-150 hectares (7, 8) . Sennacherib's political strategy was to make Nineveh the largest and grandest city known in the Near East. To that end, Sennacherib's engineers designed an extensive hydraulic system infrastructure including aqueducts and reservoirs to support a significantly expanded population and to provide water in royal palaces and gardens for "propagandistic" purposes. The system that Sennacherib's engineers devised stretched as far as 100-150 km to the north and east of Nineveh (9, 10, 12, 67, 68) to redirect water from numerous tributaries of the Tigris and Greater Zab Rivers towards Nineveh and Khorsabad. The construction of Sennacherib's canal system began in c. 702 BCE and was completed in c. 690-688 BCE.
Supplementary Text 3: Chronological Constraints of Neo-Assyrian History
The Assyrian events discussed in this paper are based on dated historical and administrative texts and year name lists. Assyrians did not count years as numbers but enumerated the regnal years for each king and named each year after the king, high officials and provincial governorseach year having an eponym, or year name (in Akkadian, limmu). The year names were collected in chronological order in the Assyrian eponym lists and chronicles, with copies excavated at Nineveh, Assur and Shibaniba (Sultantepe) near Urfa. Nine manuscripts list only the year names (the "eponym lists") while twelve others provide the names with historical information (the "eponym chronicles") (69). Assyrian scribes also provided the date of their writing of their documents on the bottom line of their royal letters and economic transactions (e.g., division of inheritances) tablets as "year (eponym), month". The chronology of Neo-Assyrian rulers and imperial events is primarily based upon the dating of the Assyrian Eponym Chronicle's "Būr-saggilê" eponym to the solar eclipse determined astronomically to have occurred in Assyria in the Julian year 763 BCE, June 15 (70, 71) . Additionally, a letter reports the heliacal rising of Mars, a solar eclipse, and the visibility of Jupiter in 657 BCE (72). Minor annual uncertainties for the period 621-605 BC, are clarified by the dated Neo-Babylonian Chronicles, such that the Fall of Nineveh in 612 and surrounding events are known with even monthly chronological precision (27).
Supplementary Text 4: Kuna Ba Cave
Kuna Ba Cave (~660 meters above the sea level) is located near the city of Sulaymaniyah ( fig. S1 ) on the foothills of the western flank of Zagros mountains in the Kurdistan portion of northern Iraq. It is considered the largest cave system developed within Pila Spi limestones (73, 74) of Eocene age within the Qara Dagh range. The cave has been explored to up to ~500 meters in length. The entrance to the cave is through a narrow tunnel like opening that leads to large and well-decorated halls with numerous speleothem formations. The vegetation above and surrounding the cave is sparse mostly consisting of grasses and shrubs. The soil cover is thin (<1 meter) and the total overburden is less than 15 meters, which allow the cave to respond quickly to seasonal changes in precipitation. In the deeper portions of the cave, relative humidity is high in excess of 95%. The landscape surrounding the region is highly fissured and karstified, consisting mainly of massive to thickly bedded, highly jointed limestone and dolomitic limestone (74).
Supplementary Text 5: Paleoclimate Interpretation of Kuna Ba Cave  18 O and  13 C Records
The temporal variations in speleothem  18 O can result in a wide range of temporal scales in response to a range of climatic factors such as: (1) the  18 O of moisture source (2) seasonality; (3) upstream vapor transport path, distance, and degree of rainout; (4) surface and condensation temperature in cloud; (5) local rainfall amount, evaporation and relative humidity [(for example, (21,22) ]. In addition, the precipitation induced isotopic signal in speleothems can be further influenced by additional processes such as changes in evaporation in the soil zone, humidity within the cave, infiltration rate, and varying drip rates (21-22). However, these processes tend to amplify the underlying climate signal in the same direction. For example, the positive (negative) δ 18 O p signal associated with drier (wetter) climate in some regions can be amplified via enhanced (reduced) evaporation or degassing rate [(for example, (21)]. Several studies utilizing multi-year observational data have previously demonstrated that the changes in precipitation amount appear to exert the primary influence on δ 18 O in speleothems in the western and eastern Mediterranean including the Levant (23-25). For example, much along and across the Levant, strong empirical correlations exist between δ 18 O p and rainfall amount as well as with site altitude and distance from the sea, thus, highlighting the process of Rayleigh distillation in controlling the seasonal to inter-annual  18 O p variability (25). Similar empirical studies in the Middle East (i.e., upstream of the Levant and eastern Mediterranean) are rare. However, the spatial pattern of temporally-limited observed  18 O p data and  18 O of groundwater from Iraq (59) As noted in the main text, the following observations suggest that changes in the regional precipitation amount (i.e., upstream of the study area) are likely the dominant driver of  18 O variability in our record. These include:
(1) prominent and coherent trends towards higher  18 O values in the 20th century portions of the Kuna Ba and nearby Gejkar Cave (21)  18 O profiles (Fig. 1, D and E) , the latter constrained by annual band counting, are associated with a prominent drying centennial-length trend (~15% decline in the coolseason rainfall since the 1930s) over the EMME (Fig. 1C and Fig. 6 A and B) . The 20 th century drying trend is a robust feature among various gridded precipitation datasets (18, 19) . Additionally, the post 1980s interval in both speleothem records contain persistently enriched  18 O values (relative to the 20th century mean), which is coeval with the period of the largest decline in precipitation and increased interannual variability over the EMME;
(2) the Kuna Ba as well as Gejkar Cave δ 18 O and δ 13 C profiles display positive co-variance through most portions of the records (Fig. 2) . This positive covariance arises because in semiarid to arid climate with strong seasonality, such as northern Iraq, drier conditions typically result in lower soil productivity, slower infiltration rates, and increased degassing, all of which drive higher  18 O and δ 13 C and vice-versa;
(3) The  18 O, δ 13 C and Mg profiles of the annually banded Gejkar Cave record (21) display coherent variations with growth rates and layer thickness in such that higher (lower) values are associated with lower(higher) growth rate/layer thickness. The growth rate variations are often related to effective moisture and drip rates within the cave, with thinner annual layers indicating lower drip rates and reduced effective moisture. (22) Simulated data from an isotope-enabled GCM ECHAM5-wiso (see Methods) show moderate to strong inverse correlation between the cool season (November-April) precipitation amount and  18 O p , the latter extracted from the model's grid point closest to the Kuna Ba Cave (fig. S7) consistent with our notion that  18 O variability at the study area is related to regional changes in precipitation amount.
A portion of Kuna Ba  18 O variability can also arise from changes in the  18 O p of the moisture source and seasonality of rainfall distribution. The δ 18 O p in the region is typically lower in the wintertime and higher in the summertime (59, 60) . Therefore, a large change in the relative proportions of summer vs. winter rainfall may result in variation in the weighted mean δ 18 O p values and, consequently in speleothem δ 18 O values. For example, a large increase in the isotopically enriched 'summer' component of rainfall at the study area (which is typically less than 5 % in modern climate) could potentially contribute to an increase in the speleothem δ 18 O values during the Assyrian megadrought. However, the P-E in the region is strongly negative from late March to early December and, assuming near-similar conditions hold in the past, would prevent infiltration of summer rainfall into the cave system. Changes in regional temperature is another potential contributor to the observed  18 O variability in our record. Typically, the  18 O p in midlatitude regions are positively correlated with the ambient temperature (~ 0.25 ‰/°C) (75). However, this observation needs to be reconciled with a corresponding increase in cave air temperature, which affects the degree of isotopic fractionation between cave drip waters and speleothem calcite (−0.24‰/°C) (23,24), causing a decrease in speleothem δ 18 O at a rate roughly in line with temperature induced increase). Furthermore, interpreting a ~ 2.0‰ range in the Kuna Ba  18 O record only in terms of temperature would require temperature variations of ~ 8°C over the last four millennia, which is highly unlikely.
Speleothem δ 13 C can be influenced by a host of factors such as vegetation type and density, soil microbial productivity, and infiltration rates. In arid and semi-arid zones with strong seasonality, such as northern Iraq, wetter (drier) conditions are associated with enhanced (reduced) soil microbial productivity, and high (low) cave drip rates, reduced (enhanced) CO 2 degassing, which may lead to more negative (positive) δ 13 C values. Consequently, the speleothem δ 13 C variations are linked to changes in local effective hydrological conditions (21). 9) . The data used in this map is derived from the published sources (9, 10, 12, 68) . Turkey. (E, F) , is the same as (C, D) but for Tehran, Iran. (G, H) , spatial pattern of the amount weighted  18 O p over the study area (left) and relationship between simulated  18 O p from the grid point closest to Kuna Ba Cave (star) and regional precipitation amount. The arrows show the mean November to April 850 hPa circulation pattern. . (B) , Z-scored and detrended (i.e., after removing the PC-1 component) Kuna Ba NIR composite  18 O record (grey) and a low-pass 6 th order Butterworth filter to accentuate the centennial-scale variability (black). Shading represents drier (red) and wetter (green) conditions. Inferred periods of drought (detrended z-score > 0.5; dotted red line) and pluvial (detrended z-score < -0.5; dotted green
